Natural killer (NK) cells are part of the innate immune system and are an alluring option for immunotherapy due to their ability to kill infected cells or cancer cells without prior sensitization. Throughout the past 20 years, different groups have been able to reproduce NK cell development in vitro, and NK cell ontogeny studies have provided the basis for the establishment of protocols to produce NK cells in vitro for immunotherapy. Here, we briefly discuss NK cell development and NK cell immunotherapy approaches. We review the factors needed for NK cell differentiation in vitro, which stem cell sources have been used, published protocols, challenges and future directions for Good Manufacturing Practice protocols.
GENERALITIES
Natural killer (NK) cells were first discovered in mice more than 30 years ago by Kiessling 1,2 and Herberman 3,4 due to their ability to lyse target cells without prior sensitization, and the fact that NK cells were not restricted by the target's expression of major histocompatibility complex (MHC).
1, 5 Human NK cells are characterized by their surface expression of CD56 and CD16, and absence of CD3. 6, 7 Two distinct subsets of human NK cells have been identified according to the cell surface density of CD56 expression. 8 The majority (90%) of human peripheral blood (PB) NK cells is CD56 dim and expresses high levels of CD16, a minority (10%) being CD56 bright and CD16 dim/neg . These NK cell subsets are functionally distinct. CD56 bright cells are cytokine producers, whereas CD56 dim cells are cytolytic and function as efficient effectors of natural and antibody-dependent target cell lysis. 9 NK cells play a key role in the elimination of compromised host cells, such as tumor or virus-infected cells. The recognition of such cells by NK cells occurs through a process described as the 'missing self hypothesis', coined by Karre 10, 11 three decades ago. NK cell-mediated killing involves exocytosis of cytoplasmic granules containing perforin and granzyme through a metabolically active process. They also have the ability to kill target cells via death receptors such as TRAIL and FasL. An equally important function of NK cells is their capacity to produce cytokines, especially interferon (IFN)-c, tumor-necrosis factor and in some cases, granulocyte macrophage colony-stimulating factor (GM-CSF) or interleukin (IL)-10. These functional properties equip NK cells with the tools to actively eliminate susceptible targets through multiple and non-redundant mechanisms. 12 The mechanisms used by NK cells to recognize and lyse non-self cells have been studied for several decades. Early in the 1990s, Colonna et al. 13 uncovered the alloreactivity potential of NK cells. Using different human leucocyte antigen (HLA)-C haplotype donors and cell lines, they observed that NK cells could expand in mismatched patients. Subsequently, several works using NOD-SCID mice proved that human alloreactive NK cells could eradicate previously transplanted human acute myeloid leukemia (AML) cells, 14, 15 and that KIR (killer cell immunoglobulin-like receptor) mismatches correlated with the ability of donor NK cells to kill cryopreserved leukemic cells from the recipient. 16 The ability of NK cells to kill without prior sensitization has made them attractive for immunotherapy. Notably, the use of NK cells for immunotherapy relies on the availability of a great number of NK cells with optimal cytotoxic activity. Obtaining a large number of NK cells is an important, although difficult task that underlies the most significant challenge to the development of successful NK cell adoptive transfer protocols. NK cells can be isolated from PB or umbilical cord blood (UCB). These cells can be used directly for immunotherapy or after a short-or long-term expansion in vitro with interleukins such as IL-2. Another approach is the generation of NK cells from stem cells, from either mobilized PB stem cells 17, 18 or UCB stem cells. 19 Here, we review the current applications of NK cell immunotherapy, the existing in vitro NK cell production protocols, as well as the future directions and challenges awaiting NK cell adoptive therapy. To note, protocols used to expand NK cells in vitro are not considered in this review, these have been previously described elsewhere. 20 
ADOPTIVE IMMUNOTHERAPY
Cancer is a major cause of death around the world: accounting for 7.6 million deaths in 2008. The highest mortality rates are seen in Southern Africa, and the more developed regions of the world, such as the United Kingdom and the European Union. 21 Thus, an enormous amount of resources have been designated to the study of cancer ontogenesis. Our better understanding of the molecular and biological basis of cancer has provided the opportunity to discover new tools to fight this terrible condition. The emerging knowledge in the field of immunology has enabled us to gain deeper insights into how immunological systems work.
The development of different therapeutic approaches based on components of the immune system has been widely explored. T cells have been shown to be tumor antigen-specific, and can mediate tumor regression. [22] [23] [24] However, T cell-based therapies have demonstrated some limitations. There are numerous mechanisms that have been identified allowing a tumor to escape T cell-mediated immune recognition. These mechanisms were reviewed by Khong et al., 25 and include: loss of antigen expression by the transformed cells, loss of MHC class I, 26 the local presence of immunosuppressive factors and/ or immunosuppressive cells. Different from T cells, NK cells belong to the innate immune system and do not require prestimulation to exert their effector functions. 27 In allogenic hematopoietic stem cell (HSC) transplantation settings, T cells have been shown to provide graft versus host disease (GVHD), a complication in which transplanted cells recognize the recipient's tissues as 'foreign' and mount an immunological attack, 28 whereas NK cells do not. As non-transformed tissues generally do not overexpress ligands for activating NK cell receptors, alloreactive NK cells do not cause GVHD.
Currently, there are different approaches towards T cell-adoptive therapy; nevertheless, NK cell immunotherapy is rapidly progressing, exploring therapies as simple as manipulation of NK cell activity using antibodies or interleukins, or as complex as engineering gene-modified NK cells (Figure 1) .
Modulation of NK cell activity
Use of antibodies. In order to augment NK cell killing, the use of antibodies to block inhibitory receptors can mimic the missing selfenvironment. Recently, the development of human monoclonal antibodies that prevent signaling via KIR2DL1, KIR2DL2 and KIR2DL3 was developed. The monoclonal antibody 1-7F9 cross-reacts with KIR2DL1, KIR2DL2 and KIR2DL3 to increase NK cell-mediated lysis of tumors expressing HLA-C. 29, 30 IL-2 alone or in combination with other factors. IL-2 affects many cell types of the immune system, including cytotoxic T cells, helper T cells, regulatory T cells, B cells and NK cells. IL-2 activation of NK cells can result in cytotoxic activity against targets that were previously NK cellresistant. 31 Observations of the interaction of autologous and allogenic NK cells with fresh tumor cells have also proved that IL-2 activation in vitro enhances the killing potential of NK cells. 32 Throughout the years, several groups have assessed the effects of IL-2 administered intravenously, in order to treat solid tumors and hematological malignancies. Overall, reports clearly demonstrate that although promising outcomes have been observed, a low dose of IL-2 is not an optimal strategy for most indications. In most cases, a specific expansion of the CD56 bright NK cell subset was observed. 33 Other groups tried higher doses of IL-2, observing low remission when treating metastatic renal cell carcinoma. 34 Additionally, a minor subset of treated patients showed remarkable toxicity, predominantly related to vascular leak syndrome, 35 and adverse effects on the heart. 36 The availability of new recombinant cytokines may offer new possibilities to overcome these 37 A recent study after UCB transplantation demonstrated that IL-15 administration rapidly increased IFN-c production, highlighting its therapeutic potential, as NK cell function booster to protect against infection and relapse after allogeneic HSC transplantation. 38 Furthermore, there is currently a phase 1 study to treat refractory metastatic malignant melanoma and metastatic renal cell cancer using recombinant IL-15 (clinical trial NCT01021059).
Adoptive transfer of NK cells NK cells can be isolated, expanded or produced in vitro to be used either in autologous or an allogeneic setting. In an autologous setting, NK cells have to undergo either a short-or long-term in vitro expansion. Based on clinical data, it is clear that short-term activation is not sufficient for NK cell augmentation of phenotypic and functional characteristics, it seems that infusion of long-term ex vivo activated NK cells may present a clinical benefit. On the other hand, given the current comprehension of NK cell regulation, the use of allogeneic NK cells is tentatively alluring. KIR ligand mismatch is a prerequisite for NK cell alloreactivity, and the recipient must lack one or more KIR ligands present in the donor so that a clinical response can be observed. Pioneered work by Ruggeri et al.
14 revealed delayed relapse, better engraftment and protection from GVHD in leukemic patients, other reports include similar results [39] [40] [41] treating different malignancies. Nonetheless, this approach relies on the availability of a great number of NK cells with optimal cytotoxic activity. 43 ) might be an efficient approach for cancer immunotherapy. For example, transfection of IL-2 in the IL-2-dependent NK cell line NK-92 increased cytotoxic activity against tumor cell lines in vitro. IL-2-transduced cells showed greater in vivo anti-tumor activity in mice, 44 and currently clinical trials have shown promising results. 45 Similarly, the hydrodynamic method of injection of naked DNA into mice's tail vein, to transfer an IL-15 gene plasmid, has shown to increase the number and functions of NK cells. 46 NK CELL PRODUCTION IN VITRO NK cell adoptive transfer for the treatment of some malignancies, like AML, has successfully been performed in the past. 14 The current obstacle in clinical studies with adoptive transfer of NK cells originates from the fact that they are present in low numbers in PB mononuclear cells. Obtaining a large number of NK cells is a difficult task, and represents the main drawback to the development of successful NK cell adoptive transfer protocols (reviewed by Suck et al.
20
). Current protocols include the generation of NK cells from HSCs derived either from bone marrow (BM) or UCB. 47, 48 The cultures use a combination of cytokines and stromal cell lines as 'feeder layer' in order to commit stem cells to the NK cell lineage. In the next section, we will briefly review NK cell development, the current protocols of NK cell production, their challenges and future directions.
NK cell development
One unique feature of NK cells is that their development does not require any events associated with antigen receptor gene rearrangement as for T and B cells. NK cell development has been the subject of many studies for many years, and major contributions have been made during the last decade. NK cells are derived from CD34 1 hematopoietic progenitor cells (HPCs); 48 nevertheless, the site(s) of maturation and its details are just beginning to emerge. Some studies suggest that lymph nodes and secondary lymphoid tissues contain HPCs, and these compartments could be sites of NK cell development. 49 Furthermore, Vacca et al. 50 found that HPCs present in maternal decidua (the membrane lining the uterus during pregnancy) could undergo in vitro differentiation into functional NK cells. Additionally, Vosshenrich et al. 51 described how NK cell development could occur in the thymus resulting in a specific NK cell subset (CD127 1 NK cells). Nonetheless, NK cell development primarily occurs within the BM microenvironment. 52 Neither the thymus 53 nor the spleen 54 seem to be vital for the generation of NK cells. Selective BM ablation studies in mice provided the first evidence in support of an important role of the BM for supporting NK cell maturation in vivo. 55 The first step in NK cell development occurs when HSCs give rise to different hematopoietic lineages. One of these precursors, the common lymphoid progenitor (CLP), is known as the earliest lymphoid progenitor that will later differentiate into B and NK/T cell-restricted precursors. NK/T precursors will afterwards give rise to NK precursors (NKPs), and lastly immature NK (iNK) and mature NK cells. Nevertheless, there is currently a debate regarding other NK cell precursors; a recent study by Grzywacz et al. 56 provided new insights into Abbreviations: ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CML, chronic myeloid leukemia; MRCC, metastatic renal cell carcinoma; NK, natural killer.
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this subject; using in vitro cultures with cytokines and feeder layer combinations, this group demonstrated that NK cells could also be derived from myeloid precursors (common myeloid progenitors, granulocytic-monocytic precursors, as well as CD33
1 CD13 1 and macrophage colony stimulating factor receptor progeny). Other reports suggest that the model of gradual restriction in the differentiation potential of hematopoietic cells does not always follow the pathway from pluripotent (HSCs) to oligopotent and to monopotent progenitors. 57 The following description of NK cell development is based on the assumption that NK cells derives from CLPs.
CLPs give rise to NK, T and B cells but not to myeloid cell lineages. CLPs have to undergo differentiation into a bipotent NK/T progenitor. NK/T progenitors can develop exclusively into T and/or NK cells. The transition from NK/T to NKP is marked by the acquisition of the IL-2/15Rb subunit (CD122 receptor). 58 Expression of CD122 turns NKPs into IL-2/IL-15 responsive cells that are committed to the NK cell lineage. IL-15 has been described as a critical cytokine for NK cell development. 59 Transcription factors control the developmental processes. ID2 and ID3 expression markedly favors the development of NK cells. In addition, E4BP4 (also called NFIL3) has been described in mice as an essential transcription factor for the generation of NK cells, 60, 61 and recent studies in humans confirm the exclusive expression of this factor by NK cells. 50 E4BP4 allows the progression of NKPs to both immature and mature NK cells.
The next step of NK cell development is characterized by the differentiation of NKPs into iNK cells. The expression of some growth factor receptors, FMS-like tyrosine kinase 3 (FLT3) and IL-7Ra, decreases as cells proceed from NKP to iNK cells, whereas the expression of IL-2Rb, CD2 and 2B4 (CD244) increases. [62] [63] [64] iNK cells are characterized by CD161 expression. A population of CD3
1 cells has previously been described in UCB; these cells can be generated in vitro from CD34 1 Lin 2 UCB cells, suggesting that the initial expression of CD161 identifies iNK cells. 65 Maturation of iNK cells involves the acquisition of activation and inhibitory markers. The appearance of NK cell activating receptors occurs before the expression of HLA class I-specific inhibitory receptors; therefore, a mechanism needs to keep immature NK cells in control to avoid inopportune killing of normal autologous cells. Recent findings suggest that 2B4 expression occurs early in NK cell development working as an inhibitory receptor, preventing killing of normal autologous cells. 63 NK cells go through a process in which acquisition of receptors, and control of cytokine production is still not well understood. An in vitro model of NK cell development using UCB stem cells showed that the acquisition of cytotoxic properties correlated with the expression of self-MHC-specific inhibitory receptors (CD94/NKG2A) in differentiating NK cells. 47 NK cells undergo a last maturation step through the recognition of self-molecules. A prototypical example of this process is the MHC class I-induced NK cell 'education' or 'licensing'. 66, 67 Ever since the original observation of the ability of NK cells to detect 'missing self' using their inhibitory receptors for self-MHC class I, it has been suggested that NK cells follow an education process to become both competent to recognize 'missing self' and tolerant to self. This education process requires the recognition of self-MHC class I molecules by cognate inhibitory receptors such as KIRs. A recent report studying NK cell education after allogeneic transplantation has shown that there may be other receptors than KIRs involved in educating NK cells. 38 In summary, the current knowledge on NK cell development represents a guide to follow when producing NK cells in vitro (Figure 2 ).
Deliberate usage of this knowledge should allow us to effectively produce NK cells in vitro with the appropriate activation state and respective repertoire.
Source of stem cells for NK cell production NK cell immunotherapy has been developing rapidly during the past decade. The production of NK cells includes several approaches. NK cells can be directly isolated from PB or UCB; donor cells are expanded for short or long period of time in vitro, and subsequently infused to treat cancer or hematological diseases. [68] [69] [70] [71] The main advantage of obtaining NK cells from these sources is the immediate availability of cells even after long-term expansion in vitro, compared to de novo production of NK cells. However, the disadvantage of this technique relies in the fact that prolonged exposure of NK cells to cytokines in vitro induces cell exhaustion. Therefore, cells are ineffective at killing after infusion in the recipient, and die within a few days. High doses of NK cells are required in immunotherapy. It has been reported that 1310 7 -2310 7 cells/kg is a safe dose, and further clinical studies on higher doses are currently under study. 72 This would mean that donors would be required to donate multiple times. Furthermore, freezing NK cells is not an option as NK cell-killing capacity is reduced after freezing/thawing. 73, 74 Therefore, fresh samples should always be preferred for NK cell therapy.
To overcome these obstacles, the production of NK cells from . 76 The disadvantage of obtaining HSC from these sources is that it is considered to be an invasive procedure and time consuming (finding correct HLA match/mismatch) compared to the off the shelf availability of UCB and decreased HLA restriction of this source. UCB stem cells, likewise, mobilized PB stem cells and BM stem cells, can be stored and used at different time points for NK cell generation. All stem cell sources have their advantages and disadvantages. Their use will depend mostly on the infrastructure and availability of resources in the local clinical setting.
hESCs. Although controversial, hESCs have been used to generate NK cells. In order to avoid the periodic destruction of 5-7 days embryos, researchers have established cell lines from human blastocysts. Thomson et al. 77 established the first hESC cell line in 1989. Since then, hESCs have offered a reliable cell source for regenerative medicine, and hundreds of cell lines have been produced (reviewed by Allegrucci 78 ). Woll et al. 79 worked with H9 hESC cell line in order to produce NK cells. They showed that produced NK cells expressed maturation markers including KIRs, natural cytotoxic receptors and CD16. In addition, these cells could lyse malignant cells by both direct cell-mediated cytotoxicity and antibody-dependent cellular cytotoxicity. Furthermore, in a following work, using an in vivo mouse model of human leukemia, they tested the anti-tumor activity of the generated NK cells in vivo.
76 Interestingly, they also tested NK cells generated from UCB, finding a striking difference in the development status of the cells. According to the expression of certain markers, like perforin, granzyme B, KIRs and CD117, they found that hESC-derived
NK cells were more mature and had better cytotoxic capacity. Nonetheless, derived NK cells from hESC cell lines therapy is limited by their potential to induce an allogeneic immune response, which could be solved by the development of hESCs banks to cover the genetic diversity of the population, as suggested by the authors.
Mobilized PB and BM stem cells. In the 1950s, researchers discovered that BM contained two stem cell populations: HSCs and BM stromal cells. Different from the embryonic stem cells, these two populations are already programmed to differentiate into specific cell types. As NK cells differentiate from BM stem cells, certainly BM represents an alternative source of stem cells. The main disadvantages of working with BM stem cells are that there are limited in number, hard to maintain long term in culture, and most importantly, the harvesting procedure is difficult and painful. BM stem cells have been previously used to study NK cell ontogeny. Using irradiated BM mono nuclear cells or long-term BM cultures as feeder layers; sorted CD34 1 populations were cultured, and studied for NK cell differentiation. The results suggest that intimate contact with stromal cells is needed for the most primitive progenitors to differentiate into NK cells, but is no longer required after the first step when commitment happens. 48 Similarly, Shibuya et al. 80 aimed to determine minimum lymphokine requirements for CD34 1 HPC differentiation. They cultured BM stem cells for 28 days using IL-2 and stem cell factor (SCF, kit ligand or steel factor), CD34
1 CD33 1 cells differentiated into CD16 2 NK cells. Although the group tried to demonstrate that stromal cells are not needed for NK cell generation, the percentages of NK cells achieved were very low, suggesting a critical role of stromal cells in NK cell differentiation in vitro.
Stem cells can be mobilized using granulocyte colony-stimulating factor for easier harvesting. 81 Giuliani et al. 82 used PB stem cells to study the importance of membrane-bound IL-15 in the commitment towards NK cell differentiation. Surprisingly, they found that membrane-bound IL-15 promotes the generation of a new subset of NK cells, NK-ireg. This subset expresses HLA-G, and secretes IL-10 and IL-21. Its generation is strictly dependent on reciprocal trans-presentation of bound IL-15 exclusively expressed by the PB hematopoietic progenitors. Table 2 summarizes the current protocols of NK cell production from BM/PB stem cells. NK cell production has not been the main goal of these studies; perhaps the disadvantages of these sources of stem cells have prevented the development of protocols for NK cell immunotherapy.
UCB stem cells. Controversy still remains regarding the use of UCB stem cells with a variety of results showing very low NK cell yields to others demonstrating successful production of functional NK cells. A study using NOD/SCID mice receiving grafts of human hematopoietic cells revealed that NK cell production from UCB CD34 1 cells was slower and less efficient compared to progenitors from BM and spleen cells (68%-98% vs. 17%). 83 In addition, in an attempt to study NK cell development after transplantation, UCB CD34 1 cells administered in mice differentiated into NK cells lacking the expression of maturation markers like CD158a (KIR2DL1), CD158b (KIR2DL2/DL3) and NKB1. 
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Using UCB CD34
1 cells and the feeder layer EL08.1D2, Grzywacz et al. 47 described the coordinated acquisition of NK cell receptors that mark the transition from non-cytotoxic to cytotoxic CD56 1 cells. The outcome in this study supports the notion of using feeder layer to complete NK cell maturation. In 2011, using UCB CD34 1 cells and the feeder layer EL08.1D2, Grzywacz et al. 56 investigated NK cell differentiation from myeloid precursors giving new insights into NK cell ontogeny. Even though the primary goal of their study was not the generation of NK cells for immunotherapy, the purity and yield reported, up to 94%, is optimal for this purpose.
Haddad et al. 84 used MS5 stromal cells, a murine BM cell line established in 1989, to study NK cell ontology. Using UCB CD34 1 cells, they characterized two early lymphoid progenitors, CD34 , which correspond to T/NK or B lineage, respectively. Table 3 summarizes the current protocols of NK cell production from UCB stem cells.
Feeder layer and cytokines used in NK cell cultures Feeder layers. Mouse embryonic fibroblasts are often used as 'feeder layer' in human stem cell research. Oostendorp et al. 85 undertook the Abbreviations: E/T, effector/target; IFN, interferon; NK, natural killer; UCB, umbilical cord blood. Abbreviations: BMMNC, irradiated bone marrow mononuclear cell; BM, bone marrow; E/T, effector/target; hESC, human embryonic stem cell; NK, natural killer; PB, peripheral blood; UCB, umbilical cord blood.
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task of uncovering, comparing and characterizing the hematopoietic microenvironment provided by midgestation mouse embryos. This group isolated stromal cell lines from embryonic liver and gastrointestinal region. The characteristics provided by these feeder layers are related to the developmental stage from which they are derived. The first hematopoiesis starts at day 10.5 after gestation in the aortagonads-mesonephros region. Subsequently, embryonic liver is colonized with hematopoietic cells, and the liver becomes the major hematopoietic organ during embryogenesis. The cell line AFT024 was first described by Moore et al., 86 immortalized with temperature sensitive SV-40 T antigen and derived from murine fetal liver stromal cells. Subsequently, Miller et al. 87 used AFT024 cell line to study NK cell ontogeny. In 2001, their work suggested that NK cell differentiation and receptor acquisition was contact dependent with the feeder layer AFT024 and IL-15. In this work, CD34 1 lin 2 CD38 2 single-cell progeny was analyzed to determine whether receptor acquisition was determined at a stem cell level. Their results show that NK cell receptor fate is acquired after NK cell commitment and does not require stromal presentation of MHC-1 by the stromal cells. 87 Later in 2008, McCullar et al. 88 investigated AFT024 and EL08-1D2 potential to generate NK cells, and found that EL08-1D2 is significantly better at recapitulating NK cell development. EL08-1D2 was cloned from embryonic liver at day 11, and was proven in this study to support the generation of NK cells from human hematopoietic precursors, and used also by other groups.
56
M2-10B4 cell line is a clone derived from murine BM stromal cells. M2-10B4 has been used earlier for NK cell expansion. 89 In addition, Pierson et al. 90 tested different mouse cell line's (M2-10B4, NRK-49F and NIH-3T3) capacity and irradiated PB mononuclear cells to determine the factors controlling NK cell expansion. Remarkably, their findings suggest the need of stromal cell microenvironment, and the importance of direct contact with the feeder layer.
To summarize, the majority of published data indicates the need of a microenvironment produced by stromal cells. This microenvironment provides the necessary factors for the maturation of NK cells, and adequate acquisition of KIR receptors.
Serum-free culture. Fetal bovine serum is usually used in hESC cultures due to its high content of grow factors. However, fetal bovine serum is a complex mixture and its contents vary from batch to batch, which constitutes a hurdle for Good Manufacturing Practice (GMP) protocols. In addition, it represents a major cost of cell culture. Some researchers have reduced their serum usage, by adding lipids, insulin, trace metals and other ingredients. Kao et al. 91 isolated and expanded UCB CD133
1 cells for 7 days following isolation of CD34 1 cells in a serum-free media. Using an NK cell-inducing cytokine cocktail, they compared the ability of NK cell generation from expanded and freshly isolated CD34
1 cells. The majority of generated NK cells were CD56 bright , showing a significantly higher capacity of IFN-c secretion and cytotoxicity than freshly isolated CD34 1 cells.
Using serum-free, feeder cell-free culture system, Bonanno et al.
92
showed the successful production of NK cells from UCB CD34 2 lin 2 cells and tested the impact of IL-21 on NK cell phenotype and functions. Their results showed high levels of NKG2D, IFN-c, GM-CSF and tumor-necrosis factor-a expression, as well as resistance to IL-12 maturation. Along these lines, Frias et al. 93 used a mesenchymal stem cell-MSC-based serum-free culture media to expand UCB HSCs. After expansion, they isolated CD34 2 CD7 1 cells and cultured them in media supplemented with NK cell-inducing cytokine cocktail. After 2 weeks, NK cells were generated and displayed cytotoxic activity along with CD16 expression. In summary, serum-free systems are feasible and generate NK cells with cytotoxic potential that could be used for immunotherapy.
Cytokines. Throughout the years, the cytokines playing a key role during NK cell production in vitro have been discovered. The combination and concentration of these cytokines has an impact on NK cell production. We briefly describe their properties in the next section.
More than 10 years ago, Williams et al. 94 suggested that NK cell differentiation can be dissected in distinct phases. In the first phase, early acting cytokines, including IL-7, SCF and FLT3 ligand (FLT3L) could act upon HSCs to commit them to the NK lineage along with the induction of the b-subunit of the IL-15 receptor (IL-2Rb) expression. Successively, the triggering of this receptor complex (IL-2Rb/cc) with IL-15 acts to further expand, and differentiate these cells into mature NK cells. 95 Table 4 shows the use of these cytokines in different NK cell differentiation protocols.
SCF is the ligand for c-kit receptor. 96 Both SCF and FLT3L are expressed by HSCs and by subsets of lineage committed cells including NK cells. 97 It has been demonstrated that neither FLT3L nor SCF by itself can induce NK cell differentiation from CD34 1 cells, instead these two factors are able to stimulate the proliferation of NK cell intermediates CD122
1 that are responsive to IL-15. 62 A study from Colucci et al. 98 in mice showed that SCF interactions in vivo are not only required for the commitment of HSC to the NK cell lineage, but also provide the necessary signalling for the generation of normal numbers of fully mature NK cells.
IL-7. IL-7 is essential for the homeostasis of the immune system. It regulates NK cell as well as T-and B-lymphoid cell development. 99 Stromal and BM cells are major producers of IL-7. Lymphoid progenitor cell differentiation, proliferation and survival of HSCs are supported by IL-7. In addition, although it is clear that NK cell differentiation occurs mainly in the BM, there are reports suggesting that early NK cell precursors can migrate to the thymus, 100 secondary lymphoid organs, 101 and mucosae tissues like the gut 102 where they can differentiate into mature NK cells. Even though mature NK cells in the blood do not express IL-7Ra, there is evidence that murine thymic NK cells do express this receptor, and that IL-7 is needed for their homeostasis. This specific subset exhibits low cytotoxic activity but high cytokine secretion. 51 Similarly, another NK cell subset, termed 'NK-22', localized in human tonsils and mucosae gut was recently described. 102 These cells are able to secrete IL-22 in response to IL-23. IL-7 is able to support NK-22 survival, and, in combination with IL-1b, mediates NK-22 proliferation.
IL-15. IL-15 produced in the BM, thymus and secondary lymphoid organs is a crucial element to drive NK cell development and survival. 103 IL-15 and its specific receptor IL-15Ra are essential for NK cell generation and maintenance, as it mediates NK cell development from committed NK cell precursors, promotes the differentiation of immature NK cells, and supports the survival of mature NK cells in peripheral lymphoid organs. 33, 59, 75 Moreover, IL-15 can facilitate the conversion of poor cytolytic NK cells into highly cytolytic NK cells. 104 In vivo, IL-15 can be either secreted or trans-presented to NK cells by different accessory cells. 105 Studies in mice showed that levels of transpresentation of IL-15 vary throughout maturation. 106 Overall, NK cell differentiation is likely to be even more complex in vivo. There is an ongoing effort to characterize the growth factors and 
CHALLENGES
Definition of activated NK cells
Another important factor to consider is the phenotype of the produced cells. It is clear that not every NK cell production protocol will generate NK cells with similar phenotype and function. Hence, the characterization, not only of the phenotype, but also of the functionality of these cells, is of great importance. Such differences in NK cell characteristics resulting from production protocols will have a significant impact on the clinical application and efficiency.
We still do not fully understand what are the requirements to generate functional maturation of NK cells. There is an intrinsic ability of NK cells to respond to stimuli. Observations in mice by Yokoyama et al. 67 gave rise to the licensing hypothesis. Following the observations that NK cells from mice lacking MHC class I respond poorly, the licensing theory has become an interesting subject explored by other researchers. Given different terms, licensing or education, 66 it has become obvious that this complex system of KIRs plays a key role in recognizing neighboring cells expressing MHC class I antigens, determining NK cell effector functions.
In addition, the NK cell subset dichotomy into CD56 bright and CD56 dim is slowly evolving. The finding of a new intermediate between CD56
bright and CD56 dim cells was described in the past, 107 and recently, the characterization of this subset has unraveled its phenotypic and functional features. 108 Likewise, Bjorkstrom et al. recently proposed that CD56 dim cells continue to differentiate. During this process, NK cells lose the expression of NKG2A and later acquire KIRs and CD57 along with a change in their homing molecules expression pattern. 109 Does NK cell number matter? Today, cell purity is highly important as protocols define that samples should be at least 90% so that the clinical effect can be attributed to the product in question. 110 T cells represent the major concern, as it is well known that they play a critical role in the pathophysiology of GVHD. 28 Nonetheless, recent work has shown the need of T cells in NK cell education after allergenic UCB transplantation, 38 albeit more clinical data may be needed to confirm this finding. NK cell yield is very important as well, since the dose-dependent effect of NK cells used in immunotherapy has been previously reported. 111 Potential risks of NK cell immunotherapy Although we have seen that NK cell immunotherapy holds promise in the clinics, we are aware that every single therapy entails certain risks. Abbreviations: AFT024, murine fetal liver stromal cells; BMMNC, irradiated bone marrow mononuclear cells; EL08-1D2, embryonic liver murine stromal cells; dSC, decidual stromal cells; DMEM/Ham F12 , Dulbecco-modified Eagle medium (high glucose without sodium pyrouvate)/Nutrient Mixture F-12 Ham; FLT-3L, FLT-3 ligand; GM-CSF, granulocyte macrophage colony-stimulating factor; HC, hydrocortisone; hESCs, human embryonic stem cells; IL-3, 5 ng/ml was added once at culture initiation; LTBMC, long-term bone marrow cultures; MGDF, megakaryocyte growth and development factor; MS-5, murine bone marrow stromal cells; myelocult H5100, MyeloCult H5100 is optimized for the initiation and maintenance of myeloid long-term cultures of human hematopoietic cells and stromal cell feeder layers; M210-B4, murine bone marrow stromal cell; NK, natural killer OP9, murine bone marrow stromal cells; SCF, stem cell factor, C-kit ligand; Stro11, human marrow-derived STRO-1 1 cells.
Generation of natural killer cells from HSCs M Luevano et al 317
The main concerns regarding NK cell immunotherapy are the detrimental side effects. As mentioned before, purity of the final products plays a major role; the existence of T cells will most likely provide a GVHD effect, though one report suggests that this may not be the case. 112 Another important factor to consider is the phenotype of the generated NK cells; producing cells with an activating phenotype and expressing few inhibitory receptors could increase the risk of NK cell autoreactivity, where the lack of inhibitory signals in the generated NK cells or host's cells can cause severe tissue destruction (as exemplified by transported associated protein deficiency in patients). 113 Furthermore, NK cells are known to play an important role in autoimmune diseases, due to their interaction with dendritic cells and macrophages; NK cells are able to participate in the induction/maintenance of cell tissue injuries. 114 Current research groups are conducting clinical trials to address these potential risks. There are several phase I clinical trials using either KIR-HLA mismatch NK cells 115 or expanded allogenic NK cells. 116 These trials have shown so far that NK cell immunotherapy is safe, where no side effects were observed after the infusion of high or low doses of NK cells.
GMP PROCEDURES
Before the 'bench to the bedside' translation, each of the protocols described have to comply with the good manufacturing practices. Ex vivo expansion of NK cells, as previously mentioned, is one source of NK cells for immunotherapy. Progress has been made in this area: using CliniMACS-purified NK cells, Siegler et al. 117 was able to expand single KIR-positive alloreactive NK cells for AML patients. In addition, Sutlu et al. have designed an automated reactor able to expand NK cells from PB mononuclear cells and demonstrated that large amounts of high reactive NK cells can be produced and used for immunotherapy. 68 Furthermore, the expansion of UCB NK cells using tacrolimus and a low molecular weight heparin-media has been developed by Tanka et al. 118 The results showed high NK cell fold expansion and high level of cytotoxicity activity against leukemic cell line K562 and patient's primary AML and chronic myeloid leukemia cells. On the other hand, Spanholtz et al. 119, 120 have recently published a high log-scale expansion of NK cells from UCB CD34 1 cells using clinical grade protocols. This work shows the feasibility of using fresh and even frozen UCB stem cells to produce NK cells able to lyse melanoma cell lines, and mediate cytolysis of primary leukemia cells. To our knowledge there are not many published protocols using stem cells complying with GMP procedures to date. This is a big challenge as the use of clinical grade reagents is limited. The development of these products will speed up the chances of developing clinical grade protocols able to produce NK cells for immunotherapy.
FUTURE DIRECTIONS AND CONCLUSIONS
Up to now, several clinical strategies exploiting NK cell alloreactivity to treat cancer have been developed. NK cell expansion in vitro from PB or UCB cells has been carried out. However, NK cell expansion in vivo is transient, and NK cell populations may be heterogeneous due different factors.
Our understanding of NK cell effector functions and responses continues to flourish, along with the opportunities of designing better therapeutic tools using strategies that target these mechanisms. Even thought the majority of the published protocols do not aim to produce NK cells for immunotherapy, they have greatly contributed to the establishment of the few already existing. We still have a long journey, with obstacles that are not impossible to override. Research groups from the clinics, pharmaceutical companies and academic institutions with basic research are now more than ever collaborating in order to facilitate the incorporation of novel technology that will finally bring help fighting this disease.
